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ABSTRACT
Cooper, Jehangir B. M.S. Department of Psychology, Wright State University, 2010.
exploring the Potential for Independent Control with the NIA/Brainfingers System - Is
Independent Control of Glance, Muscle, Alpha and Beta Waves Possible?

BCI (Brain-Computer-Interface) devices on the market today, such as the NIA, have the
capability to assign computer commands to specific channels (e.g., EMG, EOG, Alpha,
and Beta) associated with different methods of control. However, the utility of this
capability is dependent on the ability of users to selectively/independently control the
specific channels. The NIA system was evaluated to determine if independent control of
its channels is possible. Two users with varying levels of experience were used in this
study. The users played pong using each of the channels to control the pong paddle, while
the data on the activation levels of all the channels was recorded. Cross correlation
analyses were conducted in order to ascertain the level of independence of the channels.
In general, the channels seemed to exhibit independent behavior, although evidence
suggested associations between the muscle and beta channels. More research is needed in
order to explore more fully the levels of independence in the channels.

iii

TABLE OF CONTENTS
Page
I. INTRODUCTION ..........................................................................................1
Biofeedback ...........................................................................................2
Brainfingers and the NIA .......................................................................5
Research Problem ................................................................................10
General Expectations ...........................................................................12
II. METHOD ..................................................................................................14
Design .................................................................................................14
Participants ...........................................................................................14
Equipment ............................................................................................14
Procedure .............................................................................................15
Rationale for Analysis Methods ..........................................................17
III. RESULTS ..................................................................................................19
Controllability of the System ...............................................................19
Muscle Channel as Control ..................................................................20
Glance Channel as Control ..................................................................21
Alpha Channel as Control ....................................................................22
Beta Channel as Control ......................................................................23
Summary of Independence of Channels ..............................................24

iv

IV. DISCUSSION ...............................................................................................26
General Conclusions ............................................................................26
Individual Differences .........................................................................30
Limitations ...........................................................................................31
Future Directions .................................................................................32
V. REFERENCES .............................................................................................35
VI. FIGURES
VII. TABLES

..................................................................................................37
..................................................................................................45

v

LIST OF FIGURES
Figure

Page

1. Pong game modified for the experiment. ................................................................ 37
2. Process of Data Collection and Analysis using the muscle channel ....................... 38
3. Data collection and analysis using the baseline and muscle control conditions ..... 39
4. Cross Correlation graph: muscle control channel vs. baseline channels. ............... 40
5. Muscle Channel Cross Correlation Charts .............................................................. 41
6. Glance Channel Cross Correlation Charts .............................................................. 42
7. Alpha Channel Cross Correlation Charts ................................................................ 43
8. Beta Channel Cross Correlation Charts .................................................................. 44

vi

LIST OF TABLES
Table

Page

1. Hit Percentage ......................................................................................................... 45
2. Maximum Cross Correlations for each condition (control conditions only) .......... 46

vii

Introduction
Brain computer interaction devices (BCI devices) are currently of interest to
individuals who are technology-savvy or disabled, and are using these devices as an
alternative means for controlling applications, instead of relying on the incumbent mouse
and keyboard input method. There are several BCI devices that are already on the market,
each with different methods incorporated to input the user‟s intentions to the system.
BCI as a nomenclature could be slightly misleading, as the brain in braincomputer-interaction does not always refer to the brain itself, but can sometimes be
understood as being neural pathways embedded in the nervous system. It should also be
noted that computer does not always refer to a PC, but rather to any electronic device.
There are two kinds of BCI devices being developed – invasive and non-invasive.
There are certain advantages and disadvantages to each type of device. For example, an
invasive device, such as Braingate, consists of a chip that is implanted onto the surface of
the user‟s brain, where receptors on that chip detect the neural signature generated when
the user wants to move their hands, or legs. This signature can be read accurately as the
device has the sensors embedded throughout the brain in specific areas, which detects the
neural signature produced when the user wants to perform an action. The signature can
then be analyzed by a software program that relays the intention of the user into an action
performed by a machine. Therefore, a user who is paralyzed may be able to walk again,
by intending to move their legs, and a computer analyzes and relays the incoming signal
to a mechanical leg that can facilitate the actions. However, major disadvantage to the
invasive BCI devices are that the electrodes have to be implanted into the brain, which is
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a daunting idea for most people. Further, any adjustments to the system may result in
procedures in which the user would have to undergo surgery.
The non-invasive BCI devices have gained much popularity recently as a means
of communication between individuals with disabilities, as well as normally functioning
people, due to it being easily accessible and easy to remove from the user‟s control.
These systems have applicability for disabled users, just like the invasive BCI devices,
but are also appealing to individuals who aren't disabled, as they can use them as another
means of input control. For example, gamers who want to add another dimension to their
gaming experience can use BCI devices that are non invasive to play their games with,
and then leave the device behind when they stop playing the game and go to perform any
other task. One of the traditional disadvantages of this type of device is that the sensors
are not close enough or widespread enough to capture an accurate signal (compared to
those that are captured by an invasive device) so their uses are limited. However, with
improved technology, some of the non invasive devices have become better at
interpreting neural signals, which has opened the door to research possibilities concerning
these devices.

Biofeedback
In effect, BCI devices can also function as biofeedback devices. Biofeedback is a
process by which certain body functions that are typically below the threshold of
awareness are amplified and then relayed back to the individual in a form that is easily
perceivable. The biofeedback process conveys the levels of their bodily functions of the
person to them in real-time.
2

BCI devices utilize modalities such as Electroencephalography (EEG),
Electrooculography (EOG) and Electromyography (EMG) by producing quantifiable
levels of each frequency, which is thought to correlate with brainwaves, eye glances or
muscle tension respectively, thus making the BCI device a biofeedback machine. EEG
refers to the electrical activity that is produced by the brain, and this is divided into
different frequency bands, including delta, theta, alpha, beta and gamma. Delta frequency
bands within the EEG spectrum are correlated with dreamless sleep (1.5-4Hz). The next
frequency band is the Theta band which spans the range from 5-8Hz. This frequency
band is associated with day dreaming, a positive mental state, and sometimes arousal.
Alpha wave bands are between 7-13Hz. These bands are associated with feelings to
relaxation or reflection. It can also be induced by closing your eyes. Beta wave bands are
between the frequencies of 13-60Hz. Beta frequency activation in an EEG corresponds
with a high level of arousal, or active concentration on a task at hand. Beta wave
frequencies correspond to alert and working states of mind. EOG is a technique used to
measure the electrical activity produced by movements of the retina. EOG machines rely
on electrodes to measure the eye movements and record a quantifiable value that
corresponds to the direction and magnitude of that movement. EMG is a technique for
quantifying the signal produced by muscle activation. EMG‟s detect the value of
activation when muscle cells contract, as well as when they are at rest.
As stated previously, BCI devices can function as biofeedback machines, which
allows them to enjoy a wide variety of applications related to biofeedback techniques.
Budzynski et al (1973) observed that through the use of biofeedback, people were able to
alleviate the pain associated with headaches, and subsequently used less medications to
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combat these headaches. The frequency and severity of these tension headaches
decreased in people that used biofeedback techniques as compared with the control group
that received no biofeedback treatment. Nestoriuc, Rief and Martin (2008) conducted a
meta-analysis of biofeedback effectiveness for alleviating tension headaches, and found
that tension headache symptoms were reduced and the frequency of headaches declined
with biofeedback treatments. Biofeedback proved to be more effective than other
relaxation therapies. This meta-analysis also found that relaxation techniques used in
combination with biofeedback techniques resulted in the most effective therapy for
tension headaches. Hammond (2005) found that biofeedback is an effective strategy in
helping alleviate symptoms associated with anxiety. Omizo and Williams (1982) have
studied the effects of biofeedback-induced relaxation techniques in children to improve
performance in school. The children were given their EMG values and encouraged to
keep their levels as low as possible, and the authors found that biofeedback techniques
did lead to a statistically significant reduction in the number of errors made in school.
Lubar and Lubar (1984) found that EEG biofeedback training can be used as an effective
tool to help children overcome ADHD disorders. In their experiment, all six children
demonstrated considerable improvement in their grades and achievement test scores.
Lubar (1991) states that biofeedback can be used as a diagnostic tool to detect certain
symptoms that exist for children, such as ADHD (Attention Deficit Hyperactivity
Disorder). EEG feedback training can also be used as a way of helping children alleviate
many symptoms of ADHD by constantly providing real time information of the state of
arousal of the child. This immediate feedback procedure is helpful as it provides
immediate information that children then manipulate by alerting their behaviors to
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achieve a state of relaxation. Carter and Russell (1985) also found that biofeedback
helped children who had learning disabilities in their muscle relaxation techniques. These
improved muscle relaxation states allowed children to perform better in school-related
tasks, such as reading, spelling and handwriting. Tansey and Bruner (1983) found that a
combination of EMG and SMR feedback helped a child who had hyperkinesis and
learning disabilities improve their reading level. Thornton and Carmody (2009) found
that there are significant deviations in the EEG patterns of people who have traumatic
brain injury, or TBI, from the normal population. EEG patterns that were obtained when
the person engages in a cognitive task provide specific information about the nature of
the disability that the person is experiencing. Therefore, biofeedback is a useful
technique for both the disabled and normal population in that it provides real time
feedback. Upon receiving this feedback, the user can then modify their state by trying
various techniques until the biofeedback device lets them know that they have correctly
entered their desired state. These techniques can be performed using BCI devices.
Brainfingers and the NIA
The BCI device in consideration for this paper is the OCZ NIA, or Neural
Impulse Actuator. It is a non-invasive BCI device developed by Brain Actuated
Technologies, based in Yellow Springs, Ohio. The predecessor to the OCZ NIA is the
Cyberlink Brainfingers. Like the older Brainfingers, the NIA consists of a headband with
three sensors that a user places on their forehead, and a small signal processing box
where the signal obtained through the sensors is filtered, amplified and binned. This box
is connected to a computer by a serial port. The signals are relayed to a computer where
the software maps these signals to commands to drive computer functions, such as
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moving a mouse cursor, or clicking. The NIA and Brainfingers are essentially, very
simple, yet ingenious BCI devices. The Brainfingers with NIA amplifier uses brain and
body forehead bio-potentials to generate multiple signals for computer control inputs.
Three silver-chloride plated carbon-filled plastic sensors in the headband in conjunction
with the NIA amplifier circuit detect bio-potentials (Junker, 1997). These signals are
thought to be generated by facial muscle tension, brain activity and eye movements. The
signals are detected by the sensors and relayed from the headband, through a wire that
terminates at the signal processing box. At this stage, the signal is filtered and parsed into
eleven different frequency bands (or fingers). The digital signature of the users eleven
different fingers are displayed through the Brainfingers and NIA software suites, where
each virtual finger (or frequency band) is thought to represent a frequency thought to
correspond with a specific neural signal. On the Brainfingers software suite, the lowest
frequency bands are thought to be correlated with eye movements. Mid level frequency
bands are thought to be corollaries of alpha and beta waves, whereas the highest
frequency band detected by the Brainfingers software corresponds with facial muscle
tension and movement. For this reason, the fingers are labeled 1-3 for eye movement, 4-6
for alpha waves, 7-10 for beta waves and 11 for muscle tension. The NIA software suite
has only 8 fingers, instead of the eleven found in the original Brainfingers software. The
changes include reducing the number of frequency bands associated with eye glances to
a single finger (as opposed to 3 in the original Brainfingers). The NIA contains 3 Alpha
frequency bands, and a single muscle frequency band, similar to the original software.
However, the NIA contains only 3 frequency bands associated with beta waves, which is
one finger short of the Brainfingers software. The NIA accessibility package software,
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which is currently in development, allows for increased control of the binning of the
frequencies, allowing the user to specify the range of frequencies associated with each
finger. This allows for a customization that was not possible with the original
Brainfingers software. These frequency bands span the range of signals that are detected
at the forehead which are controllable by the user. The Brainfingers and NIA software are
used to interface a finger, with a keyboard or mouse command on a computer. The
software also allows the user to use multiple fingers to control a single object, such as a
mouse. The software also recognizes two types of control: click and proportional control.
This allows the user to input single click commands, as well as to move a mouse cursor
on the screen in a hands-free fashion.
The software suite in Brainfingers is extensive, allowing for total customization of
the fingers for use with third party applications through its specific menus. The software
suite also contains a plethora of embedded applications, all with the intent of teaching the
user how to bring the movement of the fingers under conscious control. There are certain
applications that teach the user how to use the click functions, such as the click game,
which also doubles as a reaction time test. Through various demonstrations and in
research conducted with the Brainfingers device, it has been found that most first-time
users have a lower average response time to perform a click with the Brainfingers system
than with a traditional mouse. Other embedded applications such as the grow game and
pong teach the user how to bring a certain frequency band of Brainfingers under
conscious control. The users can then try to use more than one axis of control
simultaneously by moving a mouse through a two-dimensional maze. Once the user can
use the mouse effectively, there are other applications that the user can try that
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incorporate mouse movement with the addition of clicking and dragging, such as the
cellar game (a game in which the user advances through the different levels by
completing different tasks, such as moving bottles of wine from a table to a shelf without
dropping them), and Tetris. These applications do allow for a certain degree of learning
how to use and utilize the different fingers effectively. However, there is still much
improvement that can be made in order to allow the software suite to be useful for a
broad population of people.
The NIA software suite has most of these applications found in the older
Brainfingers system, with the exception of the cellar game. However, the interface has
been improved, and the new accessibility package boasts many new welcome additions
that the previous software suite was lacking. The accessibility package contains a data
collection utility, which allows for the collection of data at 100 Hz (this program records
the levels of each of the frequency bands 100 times per second). This data capture tool is
extremely useful to analyze user performance.
Currently, there are 2 major demographics that use the Brainfingers system –
disabled populations and gamers. Both these populations rely on the system to provide
hands-free access to a computer so that they can improve their quality of life, or gain a
competitive edge over others using traditional forms of access when they play computer
games. Doherty et al. (2000) found that certain BCI's were beneficial in helping severely
motor impaired users control a computer. They also found that users enjoyed using the
BCI system recreationally. Krepki et al. (2007) found that BCI's had a huge potential in
unlocking control dimensions in gaming as an alternative to the traditional joystick or
gaming device. The NIA was primarily designed to appeal to the gaming community, but
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the potential of the system has prompted the developers to add an accessibility package
that allows other populations, such as the disabled community, to find the device
beneficial.
Brainfingers, while a very useful, non-invasive and relatively inexpensive device,
does have some limitations. The NIA addresses many of these limitations to offer the
user more flexibility and ease of use. The hardware is newer, and is more sensitive. The
NIA also has a USB connection, which means that it is compatible with the current
computer-interface standard (Brainfingers has a serial port connector, which is not found
on most current computers). The NIA also does not require any other power source
besides the computer, since USB slots also direct power to the device (The earlier
Brainfingers hardware needed an additional power source, such as a battery pack or AC
adapter). Therefore, the NIA has more portability. The NIA also boasts an improved
headband which is elastic, rather than Velcro, as found on the old Brainfingers system, so
it is easier to put on the user's forehead. The old Brainfingers software has an unstable
signal that needed to be recalibrated occasionally, especially as the baseline would keep
changing if the user was using the system for any length of time. The NIA accessibility
package features an auto-calibration program that works in the background, constantly
recalibrating the system, allowing the user‟s baseline to be continuously updated. The are
other issues with the old Brainfingers software was the inability to configure it to work
with both audio and visual cues in the embedded applications. However, in the new
accessibility package for the NIA, increased customization of the embedded applications
should allow for both audible and visual cues to allow the users greater flexibility in
using the system for a wide variety of purposes. The NIA also costs approximately 120
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dollars, while the original Brainfingers had a retail price of 2,500 dollars. The
accessibility package for the NIA will be available soon for an additional cost.
Research Problem
The Brainfingers and NIA systems, as well as other BCI devices suffer from the
same obstacle – they are all difficult to use initially. For a novice user, most of the BCI
devices are somewhat difficult to control. Currently, very few people have gained
mastery of all the channels of the Brainfingers and NIA systems. Some users can exhibit
expert behavior in their control of maybe one or two of the channels (usually the EMG
and EOG channels), but they do not have control over the others, so their competency
with using the system to its full potential is lacking. Nijholt and Tan (2009) state that
there are many challenges in using these BCI devices in a traditional gaming paradigm,
because traditionally users are unable to harness the full capabilities of the system in a
gaming environment. Users can usually make a click gesture with their facial muscle
tension (which corresponds with the muscle frequency band) within the first few minutes
of using the NIA system. Users find it very difficult to gain mastery over the other
frequency bands, or fingers of both the Brainfingers and NIA systems. For example, very
few users have been able to gain mastery of the EEG (alpha and beta wave) channels;
hence they cannot harness the full capability of the system. Users have reported that they
are able to exhibit control over the frequency bands by assigning a finger to a specific
mouse function. However, this may be misleading, as the user can usually control all the
frequency bands in a gross fashion, but they have trouble controlling the frequency bands
independently. For example, if a user assigns one of the alpha fingers to use as the
controller for the paddle in a pong game, the user may find that they are able to control
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the paddle reliably. However, the alpha finger could have moved as a result of a general
spike in all the frequencies, which could have been a bleed-over from the muscle
frequencies. One of the ways users are able to increase and decrease alpha and beta
brainwave frequencies is by making a gross motor action, such as harshly scrunching
their face which results in the values of all the frequencies going up. If this is the case,
and the users are unable to control the bands independently, then the usefulness of having
different frequency bands is diminished. The band may be a single wide range of
frequencies that all respond in the same fashion, rather than having different fingers that
are used for different inputs. The real utility of the system lies in the ability to control
each of the channels (or fingers) individually, without affecting the behavior of the rest of
the bands.
Individual control of the channels is presently very difficult, and most users feel
as though they cannot be controlled. However, the new NIA hardware, with improved
technology in terms of its sensitivity, as well as software enhancements in the
accessibility package, provide users with potential to control the frequency bands
independently and reliably, thus giving them the opportunity to fully exploit the potential
of this device. Individual, reliable control of the device would be useful for people with
disabilities, game players, or any individual who would like to use an alternative to the
traditional mouse as an input device.
This thesis will explore whether the different frequency bands of the NIA can be
individually and reliably controlled. As mentioned previously, it is possible to make a
ballistic spike across all frequencies by tensing the facial muscles very quickly and with
more intensity than needed to make a single click with the system. To use this,
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participants in the investigation played the embedded pong game application in the NIA
accessibility suite and had the data generated into a file that was then used to examine the
pattern of cross-correlations across the various channels. The purpose of this was to
determine whether the parsing of the frequency bands by the NIA system serves a
potentially functional purpose. If the cross correlation of the channels correlate heavily,
then the system will not be able to recognize the independent activation of the channels.
This would, in effect make the system act as one big “fist,” rather than as a hand with
“fingers” that can be controlled independently. If the channels are able to be reliably and
individually controlled, it would afford people greater power to exploit the full degrees of
freedom of the system.

General Expectations
The design assumption of the system is that each of the channels can be
independently controlled by the user.
Based on our previous interactions with the system, it was expected that the
muscle and eye glance channels would be the easiest to control, and that reliable
performance in the pong task would be achieved with those channels. Further, it was
suspected that control of these channels may be independent from the other channels.
It was expected that the alpha and beta channels would show reliable
performance, but performance would be lower than the performance obtained for the
muscle and glance channels. However, it was suspected that the alpha and beta channels
may be controlled via muscle channels. Thus, there was initial skepticism about whether
these channels would function independently.
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In general, however, it was expected that expertise or practice with the system
will reduce the amount of coupling that exists between the different channels.

13

Method
Design:
There are two different independent variables in this experiment, the frequency
bands (EOG, EEG and EMG) and whether they are deliberately controlled or not. The
dependent variables are the activation levels of the different frequency bands.
Performance of the users was also indexed by examining the number of successful
returns of the ball in a pong game against the number of misses to obtain the hit
percentage for a particular trial.

Participants:
For this experiment, two participants were used that have experience with the
Brainfingers system. One of the participants is a graduate student who has worked with
the system for three and a half years. This participant represents a user who is an
intermediate level of performance with the system. The other participant is the creator of
the system. He is familiar with the inner workings of the system, and has over twenty
years working with the Brainfingers system. He represents the user who has an expert
level of performance with the system. Both users have adequate experience with
controlling each of the channels that were investigated. For the purposes of the
experiment, they will be known as the intermediate user and the expert user.
Equipment:
The data was collected using the Brainfingers hardware with a modified software
package that allows the behavior of the channels to be recorded to a data file. The
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experiment was conducted using a personal computer connected with the Brainfingers
system.

Procedure:
Each of the two users attempted to control the pong paddle using four different
channels. The participants play the game of pong, in which the object of the game is to
control one of the paddles in one dimension (vertically on the left side of the screen) in
order to prevent the ball from traveling past the paddle onto the left side of the screen.
Pong is traditionally played against another paddle (either the computer or another player
controlling the right paddle), where the first player to reach a particular score wins. Points
are scored when the ball crosses the opponent's paddle (where the opponent is unable to
return the ball back to the other player). The first player to score a set number of points
wins the game. However, in this version of pong used for the experiment, the game was
modified.
As seen in Figure 1, there is a wall on the right side of the screen instead of the
right paddle. Since there is no opponent, the score is calculated by the number of
successful returns. Glance, Alpha, Beta and Muscle control data were collected on four
different days in order to eliminate any effects caused by fatigue or adaptation to any
particular channel. In addition, baseline data were collected.
For each data session, each user was given time to practice controlling the pong
paddle. For example, in the data session with the muscle channel used as the controlling
channel, the participants attempted to manipulate the position of the pong paddle by
tensing their facial muscles. Once the participants felt that they were warmed up and able
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to move the pong paddle at will, they were ready to start the experimental trial. The
experimental trial ran for one minute, with the pong data collection running (this records
the activation levels of all the channels at 20 samples per second). The participants
played a game of pong against a wall, attempting to return the ball to the wall by
positioning the paddle in the trajectory of the ball so as to let the ball bounce off the
paddle back towards the wall. Once the trial was over, the data file was imported into
Microsoft Excel for analysis. Time histories, cross correlations and spectral analyses
were then conducted to determine the degree of independent behavior exhibited by the
channels. Figure 2 depicts the process of data collection using the muscle channel.
This process, outlined in Figure 2, was repeated using all four channels for each
user. Once the data for all the controlling channels had been collected, data for the
baseline was collected as well (For the rationale for collecting this data, refer to Rationale
for Analysis Methods section). In the baseline condition, the procedure was similar to the
other experimental trials, except in this case the user did not attempt to control the pong
paddle. The game was running as usual, but the participant did not return the ball using
the pong paddle, but rather remained in a state of relaxation for a minute in order to
record the activation levels of the channels when the participant was not controlling them.
The data was then analyzed to determine the independent behavior of each of the
channels. Further analysis was also conducted using each of the control channels plotted
against the baseline data. For example, once the data for both the muscle channel and the
baseline had been collected, a cross correlation was generated using the muscle channel
in the control condition with each of the channels in the baseline condition. The cross
correlation is generated depicting the correlation of the muscle channel with the other
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channels with a range of -2.5 seconds to +2.5 seconds. Figure 3 depicts the process of
data collection and analysis using the muscle channel with the baseline channels.

Rationale for Analysis Methods
The primary research question was to assess the degree of dependence among the
four types of control channels used in the Brainfingers system: Glance, Alpha, Beta, and
Muscle. To answer this question activity of all four channels was collected
simultaneously to observe the relation between activity in the control channel and activity
in the three other channels. The hypothesis was that the channels would be independent.
This was assessed using Cross Correlations - That is, 100 correlations were computed
between the channels at different lags ranging from + to – 2.5 s.
In using the cross-correlation functions to assess the independence of control it is
important to differentiate between two types of coupling among the signals that we will
refer to as endogenous and exogenous. Exogenous coupling is the coupling that is
associated with the control task (the Pong task). That is, the degree to which control
actions on one channel show up as correlated activity in the other channels. This is the
association that will be most relevant to assessing the utility of different Brainfingers as
independent channels of control. The other coupling, endogenous, involves other internal
associations within the body-brain system. These might be associated with underlying
physiological processes such as heart or breathing rhythms that may affect all
Brainfingers channels.
Thus, success of the Brainfingers system in terms of multiple independent control
channels will depend on the level of coupling (exogenous) above and beyond the baseline

17

coupling associated with basic biological associations (endogenous). To get baseline
measures of the endogenous coupling, data was collected on all four channels while the
participants were in a relaxed state, not attending to or controlling the game. These
baseline data were cross-correlated with control activity collected while playing the pong
game. Under these conditions there should be no task related (exogenous) coupling – so
these data provide an estimate for the endogenous coupling levels. Figures 4 shows the
cross-correlations with the relaxation baseline for the Muscle control channel. Table 1
shows the peak correlations for all four control channels for both participants. It is
interesting to note that these cross-correlation functions all had peaks that were
significant correlations (p< .05). This indicates that there is some evidence of
endogenous couplings across the four different channels.
The peak correlations obtained in these baseline conditions will provide an
empirical context for assessing the degree of task related (exogenous) coupling. We will
use the heuristic that only cross-correlations that exceed the peak endogenous
correlations will be considered as tentative evidence for exogenous coupling. Note that
this is a heuristic judgment, only suggesting the possibility of exogenous coupling. Later
research will be required to confirm any hypotheses that result from this exploration.
In Figure 4, the muscle control channel is cross correlated with the muscle,
glance, alpha and beta channel values from a baseline trial, which is an independent set of
data. The horizontal dotted line at +/-0.06 visually represents the statistical criterion
(p<.05).
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Results
Controllability of the System:
For the intermediate user, five baseline trials were conducted. During the baseline
trial, the user did not attempt to control the pong paddle at all. For the one minute trial,
the performance of the user was computed using the number of hits (which was the
number of times the user returned the ball using the left paddle) against the number of
hits + misses (which represents the number of times the user missed the ball with the left
paddle) to find the hit percentage.
As Table 1 illustrates, during the baseline trials, the hit percentage varied from
18% (the expert user‟s baseline hit percent) to 64% (baseline trial 5 for the intermediate
user). Therefore, by chance alone, the ball was returned up to 64% of the time, even with
the user not intentionally controlling the paddle.
Both users seemed to exhibit reliable control of the muscle and glance channels.
The muscle and glance channels had a hit percentage of 100% for both users (as seen in
Table 1), so they did not miss the ball even once during the muscle or glance trials. Both
users also had a hit percentage of 77% for alpha, but we are unsure of the reliability of
using alpha as a controlling channel since this value is close to the hit percentage of 64%
that was obtained from chance alone. The expert user had a slightly better hit rate for beta
at 80%, and the intermediate user had a hit rate of 67%using beta to control the pong
paddle. These values do not seem convincing enough to conclude that beta is a reliable
controller, although both participants report that they had some degree of control over the
paddle. Note that synchronizing the motion of the paddle to contact the ball is not a trivial
control task.
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Muscle Channel as Control:
Figure 5 shows the cross correlation functions that were used to assess the degree
of independence for the Muscle Channel. The data on the left side of the figure shows the
autocorrelations for the Muscle Channel and the cross-correlations between muscle and
the other three channels. The data on the right side of the figure shows the crosscorrelations between the Muscle signal when controlling the paddle (same signal used on
the right) and the data collected in the baseline conditions. The data on the right provides
an empirical baseline against which to assess the level of coupling while playing the pong
task. Note that the maximum cross-correlations on all channels for both the control and
baseline conditions exceed the statistical criterion for significant correlations. This
suggests that there is some degree of endogenous coupling between muscle and the other
channels. This may reflect internal bio-rhythms that impact all four channels (e.g., heart
rate, breathing patterns, etc.)
As can be seen in Figure 5 for the intermediate user, the peak correlation with the
baseline condition was .4. We will use this as an empirical estimate to gauge the
endogenous coupling among the four channels for this participant. Thus, we will focus
only on cross-correlations that exceed that absolute level as potential evidence for
exogenous or task related coupling. Only the Beta channel had a peak correlation above
.4. This suggests that there is some degree of coupling between the muscle and beta
channels for the intermediate user.
Figure 5 also shows that the cross-correlations for the expert participant were
generally much lower with the maximum correlation with the Baseline condition at .2 for
the muscle channel. Using this as the empirical criterion against which to judge the
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exogenous coupling – the expert also shows some degree of exogenous coupling between
Muscle and Beta and possibly between Muscle and Alpha. Although due to the long time
lag for the Alpha peak, we are tempted to discount this as evidence for coupling.
In comparing the cross-correlation functions of the two participants, the
correlations for the expert were generally lower than for the intermediate participant. This
suggests that both the endogenous and exogenous coupling is lower for the expert. One
interpretation might be that independent control must be learned (i.e., it is an acquired
skill).
Overall the results for the Muscle channel suggest that there is some task related
coupling between the Muscle and Beta channels.

Glance Channel as Control:
Figure 6 shows the cross correlation functions that were used to assess the degree
of independence for the Glance Channel. Figure 6 follows the format of the previous
chart, where the data on the left side of the figure depicts the autocorrelation of the glance
channel, as well as the cross correlation functions of the glance channel with the other
three channels during the control trials. The data on the right side of the figure shows the
cross correlation of the glance control channel with the baseline values when the
participant was relaxing. The maximum cross correlations here also fall outside of the
statistical criterion for ascertaining independence of the channels, which indicates
evidence of endogenous coupling. Based on the empirical baseline data, the maximum
level of endogenous coupling assumed for this channel is 0.22 for the intermediate user
and 0.28 for the expert user.
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The maximum cross correlations for the expert user all were below the criterion
value of 0.28 and this user did not exhibit any compelling evidence of exogenous
coupling between the glance channel and the other channels.
The intermediate user did have a maximum cross correlation value (between the
glance and muscle) of 0.25, which was above the empirical criterion value of 0.22, which
was suggestive of some weak exogenous or task-related coupling between the glance and
muscle channels.

Alpha Channel as Control:
Figure 7. shows the cross correlation functions used to determine the magnitude
of coupling in the Alpha channels.
In the same vein as the previous two graphs, the data on the left side of Figure 7
shows the autocorrelation of the alpha channel as well the cross correlations of the alpha
channel and the other three channels in the control trial. The data on the right depicts the
alpha control channel cross correlated with the baseline channels to establish an empirical
baseline value to determine the level of exogenous coupling.
As we can see from the graph on the top right of Figure 7, the empirical baseline
for the intermediate user is 0.55, suggesting that all cross correlations with a maximum
value of 0.55 and below are only evidence of endogenous coupling, and not task related
or exogenous coupling of the channels. The intermediate user did not have any maximum
cross correlations exceed the empirical baseline, suggesting that the alpha channel was
able to perform independently without any exogenous coupling.
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Figure 7 illustrates that the expert user had a much lower empirical baseline of
0.24, as seen in the lower right side of the figure. The maximum cross correlations
obtained by the expert user in the control trial were all lower than 0.24 (with only the
Alpha-Muscle cross correlation coming close to the empirical baseline with a maximum
cross correlation of 0.22). Therefore, the expert user did not exhibit any strong evidence
for exogenous coupling.
As was seen in the muscle trials - comparing the cross-correlation functions of
the two participants, the correlations for the expert were also generally lower than for the
intermediate participant, suggesting that both the endogenous and exogenous coupling
are lower for the expert. As stated earlier, this could mean that independent control is a
skill that can be learned with practice.

Beta Channel as Control:
Figure 8 illustrates the cross correlation functions used in determining the level of
independent control for the beta channel. Figure 8 depicts the criterion used to assess the
level of endogenous coupling for the intermediate user at 0.38 and 0.32 for the expert
user (obtained by the maximum cross correlation values between the beta control channel
and the baseline channels).
The intermediate user had peak cross correlations that either exceeded or were
very close to the criterion value of 0.38 for all the channels in the Beta control trial. The
peak cross correlation value between beta and alpha was just slightly lower than the
criterion value. The maximum cross correlation between beta and glance (0.39) just
exceeded the criterion value, but this is not strong enough evidence to conclude that there
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is any significant exogenous coupling between the beta and glance channel. The
maximum cross correlation between beta and muscle for the intermediate user was 0.59
(as seen in Figure 8), which seems to suggest that there is some exogenous coupling
between the beta channel and the muscle channels. This is also supported by the data
obtained from the muscle trial, where the maximum cross correlations obtained were
higher than the criterion value for that channel, suggesting exogenous coupling between
the beta and muscle channel.
The expert user‟s maximum cross correlation value between beta and muscle was
0.38 (as seen in the maximum cross correlation value in the bottom left of Figure 8.),
which is above the criterion of 0.32 (as seen in the maximum cross correlation value in
the bottom right of Figure 8.) Therefore, the expert user‟s data seems to add weight to the
notion that the beta and muscle channels show exogenous coupling.
In summary, the most compelling evidence of exogenous coupling between all the
channels was between beta and muscle. The levels of endogenous coupling between the
channels for the expert were generally lower than for the intermediate participant, which
could suggest that practice might lower the levels of endogenous and exogenous coupling
between the channels.
Summary of Independence of Channels:
Table 1 displays the maximum cross correlations that were obtained for each of
the conditions for both the intermediate and expert users and indicates the criterion values
used for each channel. The results that indicate some exogenous coupling of the fingers
are marked with an asterisk.
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As seen in Table 2., there were some maximum cross correlations that were
obtained that were higher than the criterion value, but do not necessarily show
compelling evidence to suggest exogenous coupling. For example, the expert user‟s
maximum cross correlation value of 0.26 between muscle and alpha channels was above
the criterion value of 0.2, but this maximum cross correlation value occurred with a large
lag, which tempts us to discount that value as evidence for exogenous coupling.
The intermediate user showed some evidence of exogenous coupling in the
glance-muscle condition, with a maximum cross correlation value of 0.25 which is
slightly higher than the criterion value of 0.22, but a similar pattern was not seen in the
expert user‟s data.
The most compelling evidence for coupling across any of the channels was
between muscle and beta, with all conditions for both users showing evidence of
exogenous or task related coupling. The expert user's highest cross correlation in all of
the control conditions was 0.38, obtained in the beta channel control condition. The
intermediate user's highest cross correlation in all of the control conditions was 0.59, also
obtained in the beta channel control condition.
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Discussion
General conclusions:
The general conclusions were compared with the general expectations of the
system outlined earlier in the document, with most of the expectations seemingly
validated by the data obtained in this experiment.
In accordance with the design assumption of the system, most of the channels did
exhibit independence. Both the intermediate and expert users were able to use the EMG
(Muscle) and EOG (Glance) channels reliably, having perfect scores on their trials. As
expected, the highest performance for both the users was obtained when controlling via
these channels, as both users exhibited a 100% hit rate. The EEG channels (alpha and
beta) showed a decrease in performance compared to the Muscle and Glance channels –
the hit rate was lower compared to the EMG and EOG channels.
As expected, the expert user seemed to exhibit lower coupling between the
channels in the system (endogenous and exogenous), which seems to suggest that
practice and expertise might affect the level of coupling in the system. However, no firm
conclusions can be drawn without larger samples or systematic evaluation of learning
curves.
There was a difference in the autocorrelation of the channels between the
intermediate and expert user. The expert user had a narrower autocorrelation in all trials
(glance, alpha, beta and muscle channels used to control the pong paddle) than the
intermediate user, suggesting that there is a learning effect to reducing sluggishness and
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persistence in the system. Thus, we hypothesize that responsiveness or control precision
will improve with practice.
The results found suggest that the different frequency channels afforded in the
Brainfingers system do seem to exhibit little to no exogenous coupling with each other,
aside from the exogenous coupling that was observed for both users between the beta and
muscle channels.
Both the intermediate and expert users demonstrated very high performance using
the muscle channel (both users had a 100% hit rate in returning the ball using the pong
paddle linked to muscle channel activation). The intermediate user exhibited some
evidence of coupling between muscle and beta, which seemed to be the most compelling
evidence of coupling between two different channels that was found. The expert user had
a lower degree of coupling between the muscle and beta channels than the intermediate
user, which might suggest that practice can help reduce the level of coupling between the
muscle and beta channels. The muscle channel did not seem to exhibit any other
significant coupling with either the glance or the alpha channels for either user.
The intermediate user had a lower hit rate (67%) compared to the expert user
(80%) in controlling the pong paddle using the beta channel. The beta channel presents
more of a challenge to master than the glance or muscle, and the intermediate user‟s
performance on beta was the lowest out of any trial using any channel to control the pong
paddle. The highest degree of coupling was found between beta and muscle in the
intermediate user‟s trial, suggesting that the muscle channel is also activated in a similar
fashion when the beta channel is deliberately activated by the user. This fact that beta
precedes the muscle channel in time (as seen in Figure 7) could be attributed to the way
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in which the modes of operating the channels is carried out by the user. The beta channel
activation is typically attributed to purposeful mental activity (Junker, 1995) and the
frequency range of activation corresponding with the beta channel is adjacent to the
frequency range corresponding with muscle activation. The users might have
unintentionally activated the muscle channel while trying to manipulate the beta channel.
There seems to be some evidence of coupling between the beta and muscle channel based
on these findings. The autocorrelation of the beta channel was narrower than it was for
the muscle channel (for both users) but wider than it was for the glance channel,
suggesting that beta is more responsive than the muscle channel, but more sluggish than
the glance channel.

The intermediate and expert users both used the glance channel to control the
pong paddle with high reliability. The glance channel also did not display any compelling
evidence to suggest that coupling exists between the glance channel and any of the other
channels. The glance channel, as with the muscle channel, seemed to be a reliable method
of control for both users.
One possible reason why the behavior of the glance channel was independent is
that the strategy used in controlling the glance channel seemed to be different than the
strategy used for controlling the other channels. Both participants reported that they
employed a bang-bang strategy for controlling the pong paddle using the glance channel.
The behavior of the glance channel was at rest for most of the time, and was only
activated when the ball was in close proximity to being hit. This strategy contrasts with a
more proportional style of control that the participants report for controlling the other

28

channels. Because the intermediate and the expert user were proficient in controlling the
paddle using the glance channel, the channel was only activated at certain intervals (when
the ball needed to be hit and the paddle needed to travel vertically to hit the ball to return
it), instead of the user holding the paddle in position (which is the case with controlling
the muscle channel in a proportional fashion). The glance channel is also set up
differently than the other channels. In order to activate the glance channel, the user has to
flick their eyes to the side and then back again. If the user does not flick their eyes back
to the center, the system will not interpret the input from the user correctly, and may not
activate the glance channel. Therefore, the user will almost always exhibit glance channel
behavior that is independent of the other channels due to this different nature of control.
The glance autocorrelation for both users was narrow. However, the expert user's
trial using the glance channel as control resulted in a narrower autocorrelation than it did
for the intermediate user. This suggests that when the glance channel control trial was
correlated with itself over time, the value of the correlation dropped rapidly from 1
towards a correlation of 0 (in 1/20th of a second intervals). The trials from both the
intermediate and expert user would suggest that there is very little persistence or memory
in the system and the behavior at any specific time is not correlated with the behavior of
other nearby points. The glance autocorrelation was the narrowest of all the channels for
both the intermediate and expert user, suggesting that the glance channel is the most
responsive or least sluggish of all the channels available in the system.
The alpha channel presented more of a challenge to the intermediate and
advanced users (both users exhibited a 78% hit rate) as they had lower performance in
controlling the pong paddle than they had in the condition where the glance channel was
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used to control the paddle. When alpha was used to control the pong paddle with the
intermediate user, there is evidence to suggest that there is some endogenous coupling
between the alpha and beta channels. However, the expert user did not exhibit the same
amount of coupling, so the endogenous decoupling of alpha and beta channels might be
obtained with more practice. Further investigation is required to substantiate this claim.
The evidence from the trials conducted by both users suggests that the various
channels (glance, alpha, beta and muscle) do seem to exhibit endogenous coupling. The
muscle and beta channels do show some evidence of loose exogenous coupling (as both
users seemed to exhibit coupling that was above the criterion levels when either muscle
or beta channels were used to control the paddle). The muscle and glance channels are
much easier to control than the EEG channels (alpha and beta) for both intermediate and
expert users. The trials conducted by both users seem to suggest that learning and
practice does seem to reduce the degree of coupling between some of the channels.
Further investigation, such as a longitudinal study, should be conducted to ascertain
whether large amount of practice would result in the eventual exogenous decoupling of
all the channels from each other.
Individual differences:
There were some general patterns that were observed between the intermediate
and expert users. The expert user‟s data consisted of autocorrelations for all four of the
channels that were narrower than the intermediate user. As previously mentioned, the
autocorrelation of the control channel can indicate the level of sluggishness, or
persistence in the system. The autocorrelation being narrower for the expert user might be
attributed to the fact that the expert user possesses more skill in controlling the channels
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and might have adopted a more efficient method of control, where the paddle is at rest for
most of the time unless the ball is ready to be returned, in which case the expert user
returns the ball by bringing the paddle into position. The intermediate user would follow
the vertical position of the ball, resulting in more fatigue and a wider autocorrelation.
In general, the expert user seemed to exhibit much lower levels of endogenous
coupling than the intermediate user. The criterion value used to indicate the level of
possible endogenous coupling was higher for the intermediate user for all channels except
glance. For the glance channel, the intermediate user (0.22) had a lower criterion value
than the expert user (0.28). This could be due to the fact that the expert user has had more
practice, and the fact that the expert user has a vast amount of insight into the control
mechanics for manipulating the alpha and beta channels. The expert user is able to
demonstrate that the alpha and beta channels can be decoupled with experience and
practice, however further investigation will substantiate this claim.
The intermediate user had a peak correlation value slightly higher than the
criterion value for the beta-glance cross correlation, whereas the expert user did not
display any evidence of exogenous coupling.
The criterion values for the alpha channel were vastly different for the
intermediate and expert users.

Limitations:
There were some limitations with the study conducted to ascertain the
independence of the channels of the Brainfingers system. Firstly, the number of
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participants was small. The small sample size limits our ability was used to generalize the
attributes of the Brainfingers system with the attributes of the users. The small sample
size does provide an obstacle in concluding the findings of this study due to the fact that a
small amount of data is being used to generalize to the larger population. The expert user
seemed to exhibit „better‟ control of the system than the intermediate user, however, it is
not clear as to whether the increased performance of the expert user is attributable to
practice or that the expert user is aware of the proprietary algorithms that govern the laws
of the system, thus making it easier for the expert user to manipulate the system. The
analysis method (cross correlations) used does give us information on the similarity of
the channels, but it does not give us any information on the general activation of the
channels. Ideally, when a user is activating a particular channel, the activation of the
other channels should be low – so as to prevent any unintended commands from being
initiated. Therefore, no reliable information on the general activation levels of the
channels was investigated. For example, in looking at a cross correlation graph – one can
discern the similarity in behavior of the channels, but cannot get a picture of the general
activation level across the channels.

Future Directions for the Research:
This research has generated many additional questions that could be investigated
with further investigation. Firstly, it has been suggested that two different types of
coupling exist for this system – one being task related coupling between the channels,
and the other being natural endogenous coupling. However, we are not sure whether we
are able to achieve total exogenous decoupling – specifically the decoupling of the

32

muscle and beta channels during when the user is performing a task. A longitudinal study
investigating the learning curve of the system will be beneficial in understanding the way
that users progress and learn to control the channels through adapting to the constraints of
the system. This longitudinal study would also provide the basis for seeing whether users
of the system can reach a stage where the channels do not display any exogenous
coupling. The longitudinal study also allows us to investigate the learning curve and look
for plateaus in the performance of the users that are operating the system, which would
have training and design implications for the system.
Currently the Brainfingers software package has been updated with advanced
settings for manipulating the channels. Users can specify certain rules for activating the
channels – for example, if the user wants to activate the muscle channel to perform a task,
the user can set a rule where the muscle channel will not respond if the activation levels
of the other channels are above a certain threshold. Therefore, the user would learn,
through the process of biofeedback, strategies of activating a certain channel without
affecting the levels of the other channels. This would help in training users how to
manipulate the different channels.
This study relies on a single task for controlling the pong paddle using one of the
channels at a time. The results seem to suggest that most of the channels are (at least
exogenously) decoupled from one another for this task. However, in this study, the users
were only trying to manipulate one of the channels in each particular session. Sufficient
time was taken between switching the channels for control (e.g. the users did not collect
data for different channels on the same day). However, the utility of the system lies in the
user‟s ability to control the channels independently when the system is set up to
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manipulate multiple variables (e.g. using the various channels of the system in a video
game to shoot, run, jump and perform additional tasks). Future research studies should
include a complex task that investigates the performance of the user performing a
complex task where the different channels are used. The performance could be measured
by investigating whether the user was able to activate the channels independently without
unintentionally activating different channels which would decrease the overall
performance of the user.
This study uses two able bodied users with normal cognitive function to
investigate the independence of the channels afforded by the system to the user. Future
research should include persons with disabilities (one of the target populations that could
stand to greatly benefit from BCI products like Brainfingers) to investigate their
performance using the channels independently of each other. In other research, the author
found that a person with traumatic brain injury was unable to use the muscle channel, but
was able to use the beta channel very effectively
Nijholt et al. (2009) also suggests that future research should focus on the design
of games that adapt to the cognitive and control skills of different users, who might not
be able to control many different BCI channels individually and independently. Tasks in
games should be tailored to suit the input styles of BCI devices, rather than traditional
computer input devices such as keyboards, mice and joysticks, in order to open up the
potential of augmented gaming with BCI peripherals.
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Figure 1. Pong game modified for the experiment.
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Step 1. The user plays the pong
game by wearing the headband,
starting the game and selecting a
channel to control the pong
paddle. In this case, the MUSCLE
channel will be used to drive the
left pong paddle up and down.
The user manipulates the pong
paddle by activating the muscle
channel by tightening the
muscles on the face (raising
eyebrows, biting, pulling their
ears back etc).

Step 2. The muscle channel activation levels driven by the user are recorded at 20hz as the user
plays pong. A data collection program records the activation levels of the muscle channel being
used to drive the paddle, as well as recording the activation levels of the other channels. This
data is saved into a data file, which contains the time histories of the activation levels of the
muscle, glance, alpha and beta channels.
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Step 3. Once the data has been collected, it is further analyzed to
ascertain the degree of independence between the bands. In this
case, a cross correlation is generated depicting the correlation of the
muscle channel with the other channels with a range of -2.5 seconds
to +2.5 seconds.
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Figure 2. Process of Data Collection and Analysis using the muscle channel
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Basic Process of Data Collection and Analysis Using the Muscle Channel With the Baseline Channels
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Step 2a. Time
history data is
generated using
the muscle
channel to move
the pong paddle.
Step 1. The user plays the pong
game by wearing the headband,
starting the game and selecting a
channel to control the pong
paddle. In this case, the MUSCLE
channel will be used to drive the
left pong paddle up and down. In
a separate process, baseline data
is collected as none of the
channels are being used to
manipulate the pong paddle, and
the user tries not to activate any
of the channels to the best of
their ability.
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Step 2b. Baseline time
history
data
is
generated using none
of the channels to
control the pong
paddle, and the user
remains in a state of
“chill”.
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Step 3. Once the data for both the muscle
channel and the baseline has been collected, a
cross correlation is generated using the muscle
channel in the control condition with each of
the channels in the baseline condition. The cross
correlation is generated depicting the
correlation of the muscle channel with the other
channels with a range of -2.5 seconds to +2.5
seconds
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Figure 3. Data collection and analysis using the baseline and muscle control conditions.
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Figure 4. Cross Correlation graph: muscle control channel vs. baseline channels.
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Figure 5. Muscle Cross Correlation Charts
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Figure 6. Glance Channel Cross Correlation Charts
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Figure 7. Alpha Channel Cross Correlation Charts
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Figure 8. Beta Channel Cross Correlation Charts
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Hits

Expert
User
Misses

Hit %

2

9

18

Condition
Baseline
1
Baseline
2
Baseline
3
Baseline
4
Baseline
5
Muscle
Glance
Alpha
Beta

10
10
7
8

0
0
2
2

100
100
77
80

Hits

Intermediate
User
Misses

Hit %

5

10

33

4

9

31

6

7

46

4

9

31

7

4

64

10
10
7
8

0
0
2
4

100
100
77
67

Table 1. Hit Percentage
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Condition

Expert User

Intermediate User

Criterion

Peak CC

Value

Value

Criterion
Value

Peak CC Value

Cross Correlation Glance-Alpha

0.28

0.22

0.22

0.17

Cross Correlation Glance-Beta

0.28

0.23

0.22

0.09

Cross Correlation Glance-Muscle

0.28

0.19

0.22

0.25*

Cross Correlation Alpha-Glance

0.24

0.13

0.55

0.35

Cross Correlation Alpha-Beta

0.24

0.15

0.55

0.48

Cross Correlation Alpha-Muscle

0.24

0.22

0.55

0.52

Cross Correlation Beta-Glance

0.32

0.15

0.38

0.39*

Cross Correlation Beta-Alpha

0.32

0.28

0.38

0.36

Cross Correlation Beta-Muscle

0.32

0.38*

0.38

0.59*

Cross Correlation Muscle-Glance

0.2

0.13

0.4

0.11

Cross Correlation Muscle-Alpha

0.2

0.26*

0.4

0.20

Cross Correlation Muscle-Beta

0.2

0.21*

0.4

0.51*

Table 2. Maximum Cross Correlations for each condition (control conditions only)
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